INTRODUCTION
============

During the last 30 years, the Horn of Africa has experienced a persistent decline in rainfall during the March-April-May (MAM) "long rains" season, the primary rainy season for the region ([@R1]--[@R3]). This has had major consequences for regional food security, where agriculture largely depends on rainfall and is thus highly vulnerable to climatic change ([@R1], [@R4]). It is unclear whether this decline is caused by internal multidecadal variability associated with changes in the tropical Pacific ([@R3]--[@R5]) or anthropogenically driven warming in the Indian Ocean or western Pacific region ([@R1], [@R2], [@R6]--[@R8]). Yet, thus far, the decline has only been analyzed within the context of sparse and short regional climatological data. Establishing whether this drying trend is unusual, and therefore possibly anthropogenically caused, requires past climate information that extends beyond the instrumental record. Here, we present a detailed record of changes in regional temperature and aridity in the eastern Horn of Africa region (Somalia, Djibouti, and eastern Ethiopia) spanning the last 2000 years, which places the recent drying in a historical context. We then juxtapose the paleoclimate information with climate simulations conducted as part of the recent Coupled Model Intercomparison Project 5 (CMIP5, <http://cmip-pcmdi.llnl.gov/cmip5/>) and discuss the implications for future prediction of regional aridity.

Natural archives of climate change in the eastern Horn of Africa region are limited---there are no permanent lake basins, few trees, and no high-altitude ice cores. However, the nearby Gulf of Aden contains organic-rich sediments that accumulate sufficiently quickly to allow for recent paleoclimate reconstruction ([@R9]). For this study, we generated a high-resolution paleoclimate record based on data derived from two overlapping marine cores ([Fig. 1A](#F1){ref-type="fig"}). Relatively high accumulation rates at our core site (0.05 to 0.1 cm/year, see the Supplementary Materials) allow for a decadal resolution time series of both marine and terrestrial climate. To reconstruct past changes in sea surface temperature (SST), we used the TEX~86~ (tetraether index of 86 carbons) proxy, which is based on the relative cyclization of marine archaeal glycerol dialkyl glycerol tetraethers, and a Bayesian calibration that improves the accuracy of regional predictions (see the Supplementary Materials) ([@R10]). To reconstruct aridity, we measured the hydrogen isotopic composition of leaf waxes (δD~wax~). δD~wax~ is a faithful indicator for past changes in aridity in Africa ([@R11]), with more positive (negative) values corresponding to arid (wet) conditions ([@R9], [@R12], [@R13]). Leaf waxes are primarily transported from the eastern Horn of Africa to the Gulf of Aden by aeolian processes, providing a comprehensive view of average aridity in the eastern Horn and Afar regions (see the Supplementary Materials) ([@R9]).

![Temperature and aridity proxy data from marine core site P178-15 in the Gulf of Aden.\
(**A**) Location of site P178-15 and annual average precipitation in the eastern Horn of Africa region \[GPCC (Global Precipitation Climatology Centre) v6 product ([@R39])\]. (**B**) TEX~86~-inferred SSTs (in degrees Celsius) for the past two millennia from the box core (in red) and piston core (in orange) at site P178-15. Darker error bars denote the 1σ analytical error, and lighter error bars denote the 1σ calibration error using the BAYSPAR-NRS calibration model ([@R10]). Black triangles denote intervals where the cores were dated with either ^14^C or ^210^Pb. The red star indicates modern mean annual SSTs near the core site ([@R40]). (**C**) δD~wax~ data for the past two millennia from the Gulf of Aden cores, overlaid with a reconstruction of Northern Hemisphere (NH) temperatures ([@R41]). Error bars denote the 1σ analytical error. More negative (positive) values indicate wetter (drier) conditions.](1500682-F1){#F1}

RESULTS
=======

[Figure 1B](#F1){ref-type="fig"} presents the proxy data from the Gulf of Aden. Before the 20th century, SSTs in the region varied within 1.5°C, with the first millennium (150--1050 AD) on average slightly (0.2°C) warmer than the second millennium (1050--1850 AD). TEX~86~ indicates that regional SSTs rose by ca. 0.8°C between the late 1800s and 2001, in good agreement with observational estimates (fig. S5). Given the calibration errors associated with the TEX~86~ proxy, we cannot assess whether the current SSTs are unprecedented in the last 2000 years, but the rapid 20th century rise is unique in the context of past variability ([Fig. 1B](#F1){ref-type="fig"}). Overall, the TEX~86~-based SST record gives a clear picture of how temperatures near the Horn of Africa have changed in the recent past. Notably, we find that there have been only minimal changes in surface temperatures before the most recent warming. There is no indication of a warm period associated with the Northern Hemisphere Medieval Warm Period (ca. 1000--1400 AD) or a cool period associated with the Little Ice Age (LIA, ca. 1450--1800).

The δD~wax~ data indicate that regional aridity has changed more substantially than temperature in the past few millennia ([Fig. 1C](#F1){ref-type="fig"}). Unlike the TEX~86~ data ([Fig. 1B](#F1){ref-type="fig"}), the δD~wax~ data follow the trajectory of Northern Hemisphere temperatures with warm temperatures corresponding to drier conditions, and cold temperatures, corresponding to wetter conditions ([Fig. 1C](#F1){ref-type="fig"}). Given the known influence of western Indian Ocean SSTs on the East African short rains ([@R8], [@R14]), the fact that the δD~wax~ record follows Northern Hemisphere temperatures, rather than our local TEX~86~-based SST record, may indicate that changes in long rains season precipitation (during which time the relationship to western Indian Ocean SSTs is weak) dominate the recent paleoclimate record. Alternatively, the differences between the TEX~86~ record and Northern Hemisphere temperatures may simply be due to local variability in the Gulf of Aden that has little influence on eastern Horn of Africa rainfall.

The wettest period of the last 2000 years occurred during the LIA. This "Little Ice Age Pluvial" is seen in other proxy records from easternmost equatorial Africa ([@R15], [@R16]), whereas locations farther to the west near the East African Rift Lakes were dry during the LIA ([@R17], [@R18]). These data, together with our new record from the eastern Horn region, reinforce the view that the response of East African hydroclimate to LIA cooling was the development of a coastal-interior, wet-dry dipole ([@R19]).

Following this wet period, δD~wax~ rose sharply, indicating increasingly arid conditions toward the present day ([Fig. 1C](#F1){ref-type="fig"}). Although transport and sedimentation processes, especially fluvial processes, can in some cases substantially delay the delivery of leaf waxes to marine sediments ([@R20]), carbon isotope measurements on the Gulf of Aden leaf waxes show a pronounced decline in the 20th century---a clear evidence of the Suess effect ([Fig. 2](#F2){ref-type="fig"} and see the Supplementary Materials), indicating that the aeolian-dominated transport in this region is sufficiently rapid to preserve 20th century trends. The rise in δD~wax~ is therefore contemporary, and although the values of δD~wax~ achieved by the end of the 20th century are not unprecedented in the context of the last 2000 years, the rate of change is unusual (fig. S6). The coeval rise in global temperatures and δD~wax~ during the last 150 years is a continuation of the close association between eastern Horn of Africa aridity and global temperatures that has persisted over the past 2000 years; clearly, aridity in this region evolves with the state of the global climate. Because the most recent rise in global temperature can be attributed to greenhouse gas emissions ([@R21]), and aridity rapidly increases during this time, we infer that there is an anthropogenic component to the 20th century drying.

![δ^13^C of leaf waxes (δ^13^C~wax~) in the Gulf of Aden core for the past ca. 900 years (in green) versus the change in atmospheric CO~2~ δ^13^C ([@R42]).\
Note that although the absolute values are different, the relative scales are equivalent. The recent decrease in δ^13^C~wax~ resembles the record of atmospheric CO~2~ δ^13^C both in timing and in magnitude, indicating that δ^13^C~wax~ records the Suess effect.](1500682-F2){#F2}

Although the relative paucity of instrumental data across the eastern Horn region limits the analysis of historical 20th century trends, available observations support the proxy record in suggesting an overall drying of the region ([Fig. 3A](#F3){ref-type="fig"}). On a mean annual basis, parts of the eastern Horn of Africa region have experienced less rainfall, with the reductions mainly occurring in the long rains (MAM) season and June-July-August (JJA) dry season ([Fig. 2A](#F2){ref-type="fig"}). During the short rains \[September-October-November (SON)\] season, there has been a slight increase in rainfall centered near the Great Lakes region, consistent with previous assessments ([Fig. 2A](#F2){ref-type="fig"}) ([@R8], [@R22]).

![Trends in 20th century observed versus 21st century simulated precipitation in the eastern Horn of Africa region.\
(**A**) Trends (percent per year) in observed precipitation across the 20th century \[1901--2010; GPCC v6 product ([@R39])\], including the annual mean, the two major rainy seasons (March--May and September--November), and the dry season (June--August). Stippling indicates that the trend is significant at *P* \< 0.05 (Mann-Kendall test). (**B**) Multimodel mean (model *n* = 23) of trends (percent per year) in simulated precipitation in the CMIP5 RCP 8.5 scenario for the 21st century (2006--2099). Panels as in (A). Stippling indicates areas where at least 90% of the models agree on the sign of change.](1500682-F3){#F3}

Climate models participating in the previous Coupled Modeling Intercomparison Project 3 (CMIP3) assessment generally predicted that the greater East Africa region will become wetter in response to future increases in greenhouse gases ([@R23], [@R24]). This contradicts the paleoclimate data presented here, which clearly suggest that future warming should be associated with drying, at least in the eastern Horn of Africa. To understand this discrepancy and identify mechanisms that affect future climate specifically in the eastern Horn region, we analyze both historical (1850--2005) and future (2006--2100) climate simulations conducted as part of CMIP5. We find that simulations of historical climate do not produce a mean annual drying trend in the Horn; rather, they suggest slightly wetter conditions on average, with an increase in both the short and long rains (fig. S7). However, there is relatively low model agreement regarding these changes (ca. 60%, see the Supplementary Materials), suggesting that in the historical model simulations, internal variability dominates over a forced response. In contrast, the paleoclimate data strongly suggest a forced response during the 20th century ([Fig. 1C](#F1){ref-type="fig"}).

The difference between the paleoclimate data and the historical model simulations may indicate that the models are missing an important component of the regional climate response, but could also merely reflect low model sensitivity to the relatively small changes in radiative forcing across the 20th century. To more clearly understand and identify the simulated response of eastern Horn of Africa precipitation to rising greenhouse gases and temperature, we investigate the climate model projections under the high-emissions Representative Concentration Pathway (RCP) 8.5 scenario for the 21st century. In this case, the same set of models overwhelmingly (≥90% in some regions) predict wetter conditions as greenhouse gases and global temperatures rise, both seasonally and in the annual mean ([Fig. 3B](#F3){ref-type="fig"}).

We find that this projected change in eastern Horn of Africa precipitation is associated with a weakening in the Walker Circulation over the Indian and Pacific ocean basins. Anomalously rising air in the western Indian Ocean and central Pacific regions and descending air over the Maritime continent results in increased precipitation in the eastern Horn region ([Fig. 4A](#F4){ref-type="fig"}), similar to what occurs during interannual El Niño and positive Indian Ocean dipole (IOD) events ([@R14], [@R25]). Over the 21st century, the slowing of the Walker Circulation causes this pattern to be more persistent, driving a long-term moistening trend in the eastern Horn of Africa in the climate models ([Fig. 4A](#F4){ref-type="fig"}). These changes in atmospheric circulation are coupled to the surface ocean and associated with increased warming in the western Indian and central and eastern Pacific oceans relative to the Maritime region ([Fig. 4B](#F4){ref-type="fig"}).

![Simulated 21st century changes (from the RCP 8.5 scenario) in mean annual 700 mbar vertical velocity and skin temperature in the tropics and their relation to Horn of Africa rainfall.\
(**A**) Multimodel mean of the correlation between eastern Horn of Africa rainfall (average across 0--12°N and 40--55°E) and 700 mbar vertical velocity (colors) and the trend in 700 mbar vertical velocity (contours). Red contours indicate a positive trend; blue contours, a negative trend. Stippling indicates areas where 90% of the models agree on the sign of the trend. (**B**) Multimodel mean of the trend in skin temperature (*T*~s~, effectively SST) over the tropical oceans.](1500682-F4){#F4}

In agreement with previous analyses of multidecadal influences on East African rainfall in general circulation models ([@R19]), it is specifically the dynamical changes in the Indian Ocean basin, and not the Pacific, that cause increased rainfall in the eastern Horn of Africa in the simulations. This is evidenced by the fact that the simulated change in Horn of Africa precipitation scales with the simulated increase in the Indian Ocean west-east gradient, but not with the simulated increase in the Pacific Ocean east-west gradient (see the Supplementary Materials and fig. S8). The coupling between Indian Ocean climatology and eastern Horn of Africa rainfall is strongest during the short rains (SON) season (fig. S8), when interannual IOD events have their greatest effect on East African climatology, and in turn dominates the annual mean (fig. S8).

DISCUSSION
==========

The models predict that the "El Niño--like" Walker Circulation response to global warming will cause an increase in rainfall over the eastern Horn of Africa, primarily during the short rains season. This is a fundamentally different pattern from what the proxy record and 20th century observations indicate; the latter clearly show that decreased rainfall in the long rains and dry seasons overwhelms any increases in the short rains, resulting in 20th century drying, and our new paleoclimate record indicates a close association between globally warm conditions and drying in the eastern Horn of Africa during the past 2000 years.

The dominance of the short rains response to a weakening Walker Circulation in the model simulations can be understood as a product of the limitations of the models' ability to simulate regional climate and the magnitude of the projected changes in Indo-Pacific climatology. Regarding the simulation of regional climate, the CMIP5 models poorly reproduce the seasonal cycle in rainfall in East Africa in general ([@R5]) and in the eastern Horn of Africa in particular ([Fig. 5](#F5){ref-type="fig"}). Most of the models greatly overestimate short rains precipitation while underestimating, or in some cases entirely missing, the long rains season ([Fig. 5](#F5){ref-type="fig"}). Thus, the short rains dynamics dominate the annual mean response to an unrealistic degree. For some models, the overestimation of the short rains may be related to an overly strong IOD ([@R26]), but this is not consistently the case for the 23 models investigated here (fig. S9). However, models with a stronger IOD do have a tendency to predict wetter conditions in the RCP 8.5 scenario (fig. S10).

![Comparison between the observed and the simulated annual cycle in precipitation in the eastern Horn of Africa (average across 0--12°N and 40--55°E).\
(**A**) Observed annual cycle in precipitation, GPCC v6 ([@R39]). Black line denotes the median values; gray bars denote the 90% confidence interval. (**B**) Simulated annual cycle in precipitation, from the CMIP5 historical experiments. Black line denotes the multimodel mean; individual colored lines represent each model.](1500682-F5){#F5}

With respect to the models' Indo-Pacific climate projections, the weakening of the Walker Circulation is a common response to global warming in climate models ([@R27], [@R28]) and dominates the predicted changes in tropical Indo-Pacific climatology in the CMIP5 simulations ([Fig. 4](#F4){ref-type="fig"}). However, there are reasons to suspect that this predicted change is unrealistically large. For one, it is not clear that the Walker Circulation has appreciably decreased in the 20th century in spite of a notable increase in global temperatures ([@R29]--[@R33]), and the east-west SST gradient in the Pacific Ocean has actually increased ([@R34], [@R35]). Second, although the prediction of weakening atmospheric circulation under global warming is rooted in basic physical arguments ([@R36]), there is some question as to whether specifically the Walker Circulation must weaken to satisfy a reduction in convective mass flux ([@R33]). Therefore, it is possible that the future weakening of the Walker Circulation---and associated increases in the short rains in East Africa---will be more modest than predicted.

Results from a regional climate modeling experiment focusing on Horn of Africa rainfall ([@R37]) lend some credence to this suspicion. Unlike the CMIP5 models, this AGCM (atmospheric general circulation model) simulation predicts increased aridity by 2050 ([@R37]). This experiment used ocean boundary conditions from the CMIP3 A1B scenario, including an "IOD-like" Indian Ocean SST gradient. Much like the CMIP5 model simulations investigated here, this change in the Indian Ocean gradient results in an increase in the short rains. However, this increase is much smaller than the decrease in the long rains, which arises because of a warming-related intensification of high pressure over Arabia and a shift in the Somali jet that dries the eastern Horn of Africa ([@R37], [@R38]). Although, on average, the CMIP5 projections for the long rains indicate wetter conditions, there is more model disagreement during this season ([Fig. 3B](#F3){ref-type="fig"}), and a few models predict substantial drying (fig. S8). These results suggest that mean annual CMIP5 model projections might be different given (i) an adequate simulation of the seasonal cycle in precipitation, (ii) a better representation of the long rains season dynamics, and (iii) a more moderate increase in short rains precipitation.

The paleoclimate data presented here give context to the recent changes in Horn of Africa aridity and alter our view of future climate change in the region. The record spanning the past two millennia indicates a persistent association between globally warm conditions and drying in the eastern Horn region, suggesting that present and future warming will be met with drying. The observed decline in rainfall during the MAM and/or JJA seasons therefore likely has an anthropogenic component, although this needs to be confirmed by detection and attribution studies. An expectation of future drying agrees with previous regional modeling work but disagrees with the predictions of the coupled climate models participating in the CMIP5 RCP 8.5 scenario. However, the model simulations may overestimate future changes in Indian and Pacific SST gradients and the associated weakening in the Walker Circulation. Furthermore, most models do not adequately simulate the seasonal cycle in rainfall and therefore overestimate the impact of increases in the short rains. As previously shown ([@R37], [@R38]), future drying in the eastern Horn of Africa will have a radical impact on growing season days and agriculture in the region. The large changes in aridity in the recent paleoclimate record further emphasize that low-frequency variability in East African rainfall, regardless of the origin, poses a serious threat to food security. Finally, our results highlight the need for adequate simulation of regional climatologies to properly assess the impact of global warming on subtropical arid climates.

MATERIALS AND METHODS
=====================

Paleoclimate reconstructions
----------------------------

We use a box core (P178-15 BC1) to reconstruct recent climate trends (ca. AD 1600 to present) and an accompanying piston core (P178-15 P) to extend the record back to ca. AD 100. These cores were collected from the Gulf of Aden at 11°57.3′N, 44°18′E, 869-m water depth from the *R/V Pelagia* in 2001. We constructed age models for these cores on the basis of a combination of ^210^Pb and ^14^C dating; see the Supplementary Materials for a list of dates and details concerning the age model construction. The cores were sampled at ca. 9-year resolution in the box core and ca. 20-year resolution in the piston core, with a higher sampling interval during the historical period (ca. 5 years for the box core and ca. 6 years for the piston core). For each sample, about 15 g of dried sediment was extracted and analyzed for TEX~86~ and δD~wax~, using high-performance liquid chromatography--mass spectrometry and continuous-flow isotope ratio mass spectrometry techniques, respectively (see the Supplementary Materials for details). The TEX~86~ data were calibrated to SST using the BAYSPAR calibration model (see the Supplementary Materials for details) ([@R10]).

Climate model experiments
-------------------------

We use output from the CMIP5 modeling experiments, publicly available online at the Earth System Grid: <http://pcmdi9.llnl.gov/>. We use data from 23 fully coupled models participating in the "historical" experiment, which spans 1850--2005 and includes solar, orbital, greenhouse gas, and aerosol forcings in line with observed values, and the RCP 8.5 experiment, in which greenhouse gas emissions are raised across the 21st century to produce 8.5 W/m^2^ of forcing by year 2100. We refer the reader to the Supplementary Materials for further details on the model simulations and analyses, including a list and description of the models used.
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Table S4. List of the CMIP5 models used for the analyses.

Fig. S1. ^210^Pb data from P178-15 BC1.

Fig. S2. The age model for P178-15 BC1.

Fig. S3. The age model for P178-15P for the last 4000 years.

Fig. S4. A sample GC-FID chromatogram of fatty acids (as methyl esters) from core P178-15P.

Fig. S5. TEX~86~-based SST anomalies from P178-15 BC1 versus instrumental observations.

Fig. S6. First derivative of the δD~wax~ data from the Gulf of Aden.

Fig. S7. Multimodel mean of trends in simulated precipitation from the CMIP5 historical experiment.

Fig. S8. Projected change (%) in eastern Horn of Africa precipitation versus projected changes in zonal surface temperature gradients in the Indian and Pacific Ocean basins.

Fig. S9. Scatterplot of the correlation coefficient between the simulated annual cycle of precipitation in the Horn of Africa versus the observed annual cycle (from GPCC v6) and the SD of a modified Dipole Mode Index (DMI~m~).

Fig. S10. Scatterplot of the SD of a modified Dipole Mode Index (DMI~m~) and the projected change in precipitation for the RCP 8.5 experiment.
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